Objectives To assess whether ad libitum consumption of thiamin-fortified fish sauce over 6 months yields higher erythrocyte thiamin diphosphate concentrations (eTDP) among women of childbearing age and their children aged 12-59 months compared with control sauce containing no thiamin.
Results Fish sauce consumption did not differ between treatment groups (P = . 19 ). In intent-to-treat analysis, women's baseline-adjusted endline eTDP (mean; 95% CI) was higher among women in the low (259; 245-274 nmol/L) and high (257; 237-276 nmol/L) groups compared with control (184; 169-198 nmol/L; P < .001); low and high groups did not differ (P = .83). Similarly, children's baseline-adjusted eTDP was higher in the low (259; 246-271 nmol/L) and high (257; 243-270 nmol/L) groups compared with control (213; 202-224 nmol/L; P < .001). Trial registration ClinicalTrials.gov: NCT02221063.
Conclusion

S
trategies are needed to improve thiamin intake in Southeast Asia. 1 In rural Cambodia, where there is limited access to thiamin-rich foods, 2, 3 and supplementation has challenges of cost, distribution and stock-outs, and compliance, 4,5 food fortification with thiamin could be a sustainable, low-cost, 6 and passive approach to improve thiamin status. 5 Fish sauce has potential to be an ideal thiamin fortification vehicle because it is a traditional condiment already used for iron fortification. [6] [7] [8] [9] [10] We already have reported the efficacy of this intervention for increasing the thiamin status of pregnant and lactating women and breastfed newborns. 11 The present trial was conducted in parallel with the abovementioned study, albeit in a different population group. We hypothesized that ad libitum consumption of thiamin-fortified fish sauce for 6 months would result in higher erythrocyte thiamin diphosphate (eTDP) concentrations among rural Cambodian, nonpregnant, nonlactating women of childbearing age and their children between 1 and 5 years of age compared with those who consumed a control fish sauce containing no thiamin.
Methods
This was a community-based, double-blind, 3 parallel-arm randomized controlled efficacy trial conducted in Prey Veng Province, Cambodia (ClinicalTrials.gov: NCT02221063). Villages participating in other nongovernmental nutritionrelated programs were excluded. Using village registries, we invited all 12 Sensory evaluation (n = 90 women) via use of the triangle test 13 indicated that women were unable to discern the 3 formulations of fish sauce.
Before study recruitment, a master identification list was created with group assignments via the use of online randomization software (GraphPad Software Inc, La Jolla, California) to allow for nonstratified, individual, equal randomization to 3 study arms. Cambodian field staff then assigned identification numbers sequentially during baseline data collection.
Details of production, packaging, and distribution of thiamin-fortified fish sauce have been published previously.
11
Women received their first supply of fish sauce after baseline blood collection, then every 2 weeks thereafter during household visits from field staff. Women were instructed to consume the study fish sauce ad libitum as they normally would; because Cambodian families eat family-style from a common pot, the entire household consumed the study fish sauce during the 6-month intervention. In November 2014 (t = 1 month), all study participants and their family members (husbands, sisters, mothers, mothers-in-law, etc) were invited to a nutrition education workshop in their village, where they learned about thiamin deficiency and beriberi, as well as infant and young child feeding practices according to Cambodian Ministry of Health guidelines.
14
Weighed Fish Sauce Record
To obtain accurate fish sauce intake data, we conducted a weighed fish sauce record with a randomly selected subset of 28 households. Trained enumerators weighed all fish sauce consumed by the mother, husband, and youngest child aged 12-59 months between dawn and dusk (~12 hours) on 3 nonconsecutive days (2 weekdays, 1 weekend day; different enumerators for each day) within a 2-week window. Data were collected in December 2014 (t = 2 months) to document consumption during early dry season to balance seasonal dietary intake (mid-point between lean and rich seasons) and to avoid the potential increased fish sauce consumption at the beginning of the study because of novelty of receiving free fish sauce.
Data and Blood Collection
Demographic and dietary information was collected at baseline and endline (t = 6 months) via an interviewer-administered questionnaire in women's homes. The next morning a nonfasting venous blood sample was collected into evacuated EDTAcoated tubes (Vacutainer, Becton Dickinson; Mississauga, Ontario, Canada) from each woman and her youngest child aged 12-59 months at a central village location. Another venous sample was collected from the study participants 6 months later. Blood was stored on ice and transported within 5 hours to the National Institute for Public Health laboratories in Phnom Penh for processing. Blood samples were centrifuged at 3000 rpm (approximately 600 × g) for 15 minutes at 4°C, and plasma and buffy coat were removed. Erythrocytes were washed 3 times with phosphate-buffered saline (Amresco, Solon, Ohio) and stored at −80°C. Baseline and endline blood samples were batch shipped on dry ice to the University of British Columbia in Vancouver, Canada, in June 2015.
Biochemical Thiamin Analysis eTDP was measured at University of British Columbia with reverse-phase high-performance liquid chromatography with a fluorescence detector according to Lu and Frank 15 with modifications.
11 Quality controls were conducted on each run with the use of pooled erythrocytes from 10 apparently healthy Canadian adults (inter-run coefficient of variations <9%, n = 17).
Statistical Analyses
We estimated that a sample of 92 mothers per group would be sufficient to observe a 10% difference between fortified and control groups at endline, assuming a minimum baseline of 38 nmol/L, 16 SD = 18 nmol/L, 17 80% power, alpha = 0.05, with a 2-sided t test, assuming a 15% attrition rate. Baseline characteristics were summarized as mean (SD) for continuous variables, and as n (%) for categorical variables. In intentto-treat analysis, multiple imputation was used to impute missing endline eTDP values. General linear regression models with post hoc analysis with least significant difference adjustment for multiple comparisons were used to assess differences between the 3 treatment groups for endline eTDP (adjusted for baseline) and fish sauce consumption. General linear regression models (run separately for low and high groups) were used to assess differences in endline eTDP by baseline eTDP tertile (lowest tertile as reference group; post-hoc analysis with least significant difference for comparison between 3 tertiles). We report estimated marginal means (95% CI) for the models. All analyses were performed with SPSS for Macintosh, version 23.0 (IBM Corp, Armonk, New York), with a significance level of P < .05.
Results
Participant recruitment, flow, and follow-up are shown in Figure 1 (available at www.jpeds.com). Of the 427 women Volume 181 • February 2017 screened for participation, 276 mother-child dyads were enrolled in the study in October 2014 and randomly assigned to control, low, and high concentrations (n = 92, n = 93, and n = 91, respectively). At the end of the study, in April 2015, 197 mothers remained, resulting in an overall attrition rate of 29%, with no differences by treatment group (control, n = 27; low, n = 26; high, n = 26). Moving away for work, usually temporarily, was the main reason women were lost to follow-up (18%).
Baseline characteristics of mothers, children, and their households are detailed in Table I . 18 The mean (SD) age of women was 30 (6) years, and most women (71%) had a normal body mass index (18.51-24.99 kg/m 2 ). Households typically had 5 (2) people, with a relatively high median (IQR) annual household income of US$1250 (1773) with 49% (n = 136) of households within the top 20% of incomes in Prey Veng Province. 18 Results of the weighed fish sauce record are given in Table II . Overall, consumption did not differ by treatment arm (mothers, P = .80; husbands, P = .24; children, P = .54), but fish sauce consumption was highly variable. The overall number of bottles of fish sauce consumed during the 6-month study did not differ between treatment groups: control and low groups, 13 (12) (13) (14) bottles, and high group, 12 (11-13) bottles (P = .19).
Maternal and child endline eTDP are depicted in Table III . There was no significant difference in baseline-adjusted eTDP in women and their children receiving the 2 fortified fish sauces (P = .83 and .82, respectively).
Mothers' and children's eTDP, stratified by baseline eTDP tertile, are shown in Figure 2 (available at www.jpeds.com). For women in the low group, endline eTDP differed significantly across all 3 tertiles (P < .05). Alternatively in the high group, only women in the lowest and highest tertiles differed significantly at endline (P = .001); women in the middle tertile did not differ from those in the lowest (P = .06) or the highest tertiles (P = .17). Mean endline eTDP among both low and high group children differed significantly among all 3 tertiles (P < .05).
Discussion
We have shown that thiamin-fortified fish sauce at concentrations of 2 g/L and 8 g/L over 6 months is an efficacious means of increasing dietary thiamin intake and biochemical thiamin status among nonpregnant, nonlactating women of childbearing age and their young children in rural Cambodia. Women and children consuming thiamin-fortified fish sauce had significantly greater baseline-adjusted eTDP at endline compared with those consuming control fish sauce.
Consumption of fish sauce containing more than 2 g/L thiamin did not result in greater eTDP. This finding may be explained by the large volume of fish sauce consumed by participants throughout the study. Dietary consumption data from the weighed fish sauce records highlight that women in the high group could have received up to 626 mg thiamin in 1 day from fish sauce alone. Healthy adults have an estimated total body thiamin concentration of 25-30 mg 19 ; at high doses, only a small portion of thiamin is absorbed, 20 and, of that, little is retained, 21 with high concentrations of thiamin appearing in urine shortly after administration. 21 A single oral dose of thiamin greater than approximately 2.5-5 mg remains largely unabsorbed in healthy characteristics of women (18-45 years), their youngest children (12-59 months) *Mean (SD) or n (%). †Data collected at endline; control, n = 81; low, n = 82; high, n = 75. ‡Control, n = 87; low, n = 88; high, n = 87. §Median (IQR); households were classified by the use of income quintiles (2011) ; however, rapid metabolism and turnover of thiamin, with a biological half-life of 9-18 days, 23 necessitates routine dietary intake. 19 Although there is no tolerable upper intake for thiamin, and daily over-the-counter supplements can contain 50 mg thiamin 24 or more, the lowest effective concentration of thiamin is likely well less than 2 g/L and should be determined to limit excess intake and keep costs low for consumers. 5 Among women in the high concentration group, endline eTDP was influenced by women's initial thiamin status. Our results suggest that with the same intervention, participating women starting off with lower thiamin status have greater potential for improvement. The control group also showed an increase in eTDP over 6 months. This finding may be attributed to seasonal economic status and/or food availability.
This study had several strengths. Adherence to study fish sauce was high, and fortnightly check-ins showed limited fish sauce sharing outside the household: only 7 women reported sharing fish sauce, and each only once during the 6-month study. Fish sauce was distributed for free for ad libitum fish sauce consumption (mL/d) and thiamin intake (mg/d) from fish sauce of mothers, husbands, *A general linear model adjusted for baseline eTDP was used to assess differences between fortified groups (low and high) compared with control group (reference). †Post-hoc analysis (with least significant difference adjustment for multiple comparisons) assessed pairwise differences between low, high, and control groups; values that do not share a common superscript differ significantly, P < .001. ‡In intent-to-treat analysis, multiple imputation was used to impute missing endline values. §In as-treated analysis, a total of n = 79 women and n = 71 children were excluded from analyses due to attrition, blood draw refusal, and inability to draw blood (on behalf of phlebotomist).
consumption, so intake was likely greater than usual, potentially replacing other condiments such as soy sauce or salt. Limitations of this study include restriction to one rural province in Cambodia, a lack of dietary intake data beyond fish sauce consumption, no evaluation of functional outcomes, and the high attrition rate of 29%, mostly caused by migration for paid labor opportunities in urban centers. We also acknowledge that in our trial we may not have targeted the group most at risk of poor thiamin status. By offering a blanket approach to cover the entire population, however, one would hope that thiamin would reach those most at risk and the burden of beriberi would be reduced. This approach is similar to folic acid fortification of white flour in the US and Canada, where the incidence of neural tube defects has nearly halved, despite the majority of women not having folate deficiency. 25, 26 A limitation of this research is a lack of interpretive criteria for sufficient thiamin status using eTDP. Appropriate deficiency cut-offs are unclear because they vary widely, for example, <70 nM, 27 <140 nM, 28 and <148 nM. 29 When we used the cut-offs from the Institute of Medicine, at baseline 4 women (control, n = 1; low, n = 2; high, n = 1) were thiamin deficient (eTDP < 70 nmol/L), and 15 women (control, n = 4; low, n = 6; high, n = 5) had marginal thiamin deficiency (<90 nmol/L). 24 When we used absolute endline values (not adjusted for baseline eTDP), no women had marginal or deficient status at endline using these cut-offs. 27 An alternative cut-off is eTDP <165 nmol/L, from the lower bound of a 95% reference range (165-286 nmol/L) of n = 48 (25 men and 23 women) healthy hospital staff at Broadgreen Hospital, Liverpool, United Kingdom. 30 When we used this cut-off, 51% of women (n = 141 of 276) had suboptimal thiamin status at baseline (control, n = 59; low, n = 44; high, n = 38). At endline, again when we used absolute, unadjusted endline values (pooled values from intent-to-treat multiple imputation), this prevalence was more than halved at endline, to 23% (control, n = 42; low, n = 10; high, n = 12). It is important to note, however, that neither of these cut-offs are clinically meaningful and therefore should be interpreted with caution.
Fish sauce is an efficacious means of improving thiamin intake and therefore has potential to be a simple and sustainable vehicle for other micronutrients as well. It is already a vehicle for iron fortification in Cambodia and Vietnam, [6] [7] [8] [9] [10] 31 so this intervention could be a low-cost, sustainable, and population-wide means of preventing thiamin deficiency in Cambodia and throughout Southeast Asia. Given that women may make their own fish sauce, presumably especially those who are very poor and can use fish caught freely from rice paddies in the rainy season, salt fortification, 31 a major ingredient in fish sauce that already is fortified with iodine, 31 also should be explored as a thiamin fortification vehicle in tandem with fish sauce to reach those at greatest risk of inadequate thiamin intake. ■ 
